Self-diffusion in silicon is investigated under extrinsic carrier conditions by monitoring the diffusion of 30 Si in isotopically enriched silicon layers with boron and phosphorus background doping. At 1000°C, we find that the Si self-diffusion coefficient is slightly enhanced in both n-and p-type backgrounds. This is direct evidence of the existence of both negatively and positively charged native point defects in Si. We use a simple model involving three charge states to explain the data, which yield the relative contributions of these charge states to the overall self-diffusion coefficient and the locations of the deep levels they introduce in the band gap.
Studying self-diffusion in a crystalline solid provides information about the properties of its native point defects such as self-interstitials (I) and vacancies (V). In the case of silicon, these defects also have great technological importance since they determine the diffusion behavior of dopants in electronic devices. Recently, the capability of growing epitaxial isotopically enriched Si layers has produced experimental Si self-diffusion data over a wide temperature range. [1] [2] [3] Most of this work, however, was performed under intrinsic carrier concentrations. In this letter, we report direct measurements of Si self-diffusion under extrinsic conditions using similar isotopically enriched structures. The shift in the Fermi level E F under extrinsic conditions alters the formation and migration energies of charged point defects, which in turn changes the Si self-diffusion coefficient D Si . In other words, studying self-diffusion under extrinsic carrier concentrations reveals information about the charge states of I and V.
In this work, we present and analyze extrinsic selfdiffusion data at 1000°C. The Si isotope structures used in this experiment had surface cap layers ͑0.09-0.21 m thick͒ with the three stable isotopes of Si in their natural relative abundances, and buried layers ͑5 m thick͒ enriched in 28 Si and heavily depleted in 29 Si and 30 Si, both grown epitaxially on a 1ϫ10 15 cm Ϫ3 P doped natural silicon substrate. Five of these structures were fabricated: samples 1 and 2 had their surface cap layers epitaxially doped with 5ϫ10 19 cm Ϫ3 boron and 4ϫ10 19 cm Ϫ3 phosphorus, respectively. The buried layers were not doped. Before the surface cap layer was grown, sample 3 was ion implanted with P at an energy of 120 keV to a dose of 2ϫ10 16 cm Ϫ2 , and subsequently annealed at 1050°C for 5 h. Then, an undoped surface cap layer was grown, and sample 3 was further annealed at 1000°C for 2 h. This provided a constant background doping of 5ϫ10 19 cm Ϫ3 P in this sample. Samples 4 and 5 were left undoped, and used as control samples. It was verified by Rutherford backscattering spectrometry channeling analysis that almost all dopants were incorporated at substitutional sites in these samples.
After fabrication, samples 1, 2, and 4 were annealed simultaneously in a furnace in an inert ͑100% Ar͒ ambient at 1000°C for 68 min. After this anneal, samples 1 and 2 had constant background doping concentrations of 2 ϫ10
19 cm Ϫ3 B and 1.8ϫ10 19 cm Ϫ3 P, respectively. Furthermore, samples 3 and 5 were annealed at 1000°C for 12 h. The resulting diffusion profiles in these samples were obtained by monitoring 30 Si, 11 B, and 31 P using secondary ion mass spectroscopy ͑SIMS͒. SIMS analysis was done using an ATOMIKA 4500 instrument with a 2-2.5 keV O 2 ϩ primary beam at an average sputtering rate of 0.3 nm/s. The carrier concentrations in these samples were measured using spreading resistance profiling ͑SRP͒. The SRP results agreed reasonably well with the B and P SIMS profiles, indicating that nearly all dopants were electrically active, and providing an independent measurement of the extrinsic doping levels. Since the surface cap/buried layer interface, where selfdiffusion is measured, is sufficiently away from the surface, and the anneal is in an inert ambient, surface effects do not play a role in this experiment. The Si self-diffusion coefficients D Si were extracted by taking the initial profile and using a version of SUPREM-4, a simulation program, to numerically diffuse it until a match was achieved with the SIMS profile after annealing. Figure 1 shows the 30 Si SIMS profiles after the 1000°C anneals along with the corresponding simulation fits. The extracted D Si for the undoped samples ͑samples 4 and 5͒ agreed reasonably well with the intrinsic value D Si int ϭ560 exp (Ϫ4.76/kT) cm 2 /s reported recently. 1 Here, k denotes the Boltzmann's constant and T is the absolute temperature. The B and P doped samples, on the other hand, showed a small enhancement of D Si with respect to this intrinsic value. These enhancement factors are listed in the fifth column of Table I . We estimate the experimental error in these factors to be Ϯ10%, mostly due to SIMS crater depth measurements done by stylus profilometry.
Si self-diffusion under extrinsic conditions has been historically studied using the radioactive tracer 31 Si. 4 -6 In the range 1050-1250°C, D Si was found to be enhanced by a factor between 1 and 3 when the samples were doped either n or p type. The radioactive sectioning techniques used to obtain the diffusion profiles in these studies have a much a͒ Author to whom correspondence should be addressed; electronic mail: antural@stanford.edu APPLIED PHYSICS LETTERS VOLUME 79, NUMBER 26 24 DECEMBER 2001 poorer depth resolution compared to that of SIMS. Furthermore, lack of knowledge about which mechanism is responsible for self-diffusion has prevented a systematic analysis of this early work. Nevertheless, it is still worth noting that the observation of a small enhancement is qualitatively in agreement with our results. More recently, Nakabayashi et al. 7 have observed a small enhancement of D Si at 1070°C in both n-and p-type isotopically enriched 30 Si, qualitatively confirming our results.
There are a few points to note in the data analysis. To begin with, the position of E F in the band gap at 1000°C was calculated self-consistently using the Fermi-Dirac distribution function, taking into account that dopants are not fully ionized at this elevated temperature. The MaxwellBoltzmann approximation fails at 1000°C, since the value of kT is large. Since the B and P in the surface cap layers in samples 1 and 2 also diffuse during the 68 min anneal, the dopant concentration and therefore E F is not constant with time in these samples. In the calculation of E F , we have used the dopant concentrations after the anneal at the interface between the surface and buried layers. In other words, the values we have used represent lower bounds on the doping levels in these two samples. The doping concentration and the corresponding location of E F with respect to the intrinsic Fermi level E i for each sample are listed in the third and fourth columns of Table I , respectively. We estimate the experimental uncertainty in the doping concentrations as Ϯ15%, due to quantification errors in SIMS and SRP.
Furthermore, in the calculation of E F with respect to E i , the value of the Si band gap E g at 1000°C was extrapolated from the temperature dependence of E g fitted by Thurmond.
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The density-of-states effective mass for electrons m e * and for holes m h * at 1000°C were obtained by fitting the experimental and theoretical results of Barber 9 by the expression for the temperature dependence suggested by Lang et al. 10 Finally, very high background doping levels can introduce experimental complications. High concentration effects such as dopant clustering and declustering, 11, 12 solid solubility limits, and fully coupled diffusion 13 perturb the local I and V concentrations from equilibrium and can result in an erroneous value for D Si . Also, very long inert anneals at low temperatures have been shown to cause as much as a factor of 2 enhancement in dopant diffusivities due to oxygen precipitation effects in Czochralski Si. 14 We avoided these complications by using a relatively low and spatially constant background doping. By measuring D Si at multiple time intervals during the anneal, we verified that it was time and space independent. Since most high concentration effects lead to time and space dependent diffusivities, these measurements outruled their presence.
In order to quantify the data, we need to note that D Si is given by a sum over all defects and charge states of the product d X r C X r , where d X r and C X r are the diffusivity and concentration, respectively, of X r , the defect X in charge state r. We will omit any contribution from the exchange mechanism since experiment and theory have shown that it is much smaller than those of the defect mechanisms. 2, 15 Focusing first on how the concentrations vary with E F , Shockley and Last have shown that
where C X 0 , which is the concentration of neutral defects of type X, and the term ͚*E X r , which is the sum of the relevant acceptor and donor deep levels that charge states introduce in the band gap, 16 are independent of E F . Moving the focus to the diffusivities, we see that predicting the change in d X r with E F is a much more complicated problem. In general, each charge state could have a different free energy of migration that also depends on E F . For example, recent generalized gradient approximation calculations have found that the diffusivity of I ϩ , which migrates between tetrahedral interstitial sites, depends on E F , but that of I 0 does not. 17 Moreover, using electron paramagnetic resonance ͑EPR͒ and deep level transient capacitance spectroscopy ͑DLTS͒, the V migration energy was found to depend on charge state at temperatures well below room Si ͑a͒ for the B doped ͑sample 1͒ and undoped ͑sample 4͒ structures after an inert anneal at 1000°C for 68 min, and ͑b͒ for the P doped ͑sample 3͒ and undoped ͑sample 5͒ structures after an inert anneal at 1000°C for 12 h. The solid lines are the measured SIMS profiles, whereas the symbols show the simulation fits used for extracting self-diffusion coefficients. The initial profiles are also given for reference. The surface cap/buried layer interface is roughly at 0.21 m in ͑a͒ and at 0.09 m in ͑b͒. temperature. 18 However, it is not clear how these results extrapolate to elevated diffusion temperatures. In general, therefore, we cannot give a simple expression for the E F dependence of the diffusivities of charge states as we did for the concentrations.
As a result, it is impossible to extract the diffusivity and the concentration for each charge state of each defect in the most general case. Therefore, we need to make some simplifying assumptions. To begin with, let us assume that d X r s do not depend appreciably on E F , and that different charge states of the same defect have the same diffusivity. This leaves us only with two distinct diffusivities: one each for I and V. Let us further assume that the diffusivities and concentrations of equivalent charge states of I and V are identical. The last assumption, although not necessarily realistic, gives the simplest model which can explain the experimental data, and provides bounds on the position of any of the charge state deep levels in the band gap. Since D Si is enhanced under both n-and p-type doping, the simplest model consists of three charge states ͑rϭϪ1, 0, and ϩ1͒ for each defect. With these assumptions, the ratio of D Si under extrinsic conditions to that under intrinsic conditions is given simply by
where ␥ ϩ and ␥ Ϫ are defined as the ratios of C X ϩ1 and C X Ϫ1 , respectively, to C X 0 under intrinsic carrier conditions. In other words,
)/kT), where E 0/1 and E Ϫ1/0 are the first donor and acceptor levels, respectively.
Our experimental results can be represented as three equations having the form of Eq. ͑2͒, with each row of Table  I ϭE C Ϫ0.287 eV, where E V and E C are the valence and conduction band edges, respectively. The energy levels given above with respect to band edges represent upper bounds for those of the higher charge states under the assumptions of the preceding paragraph. In other words, any donor level ͑rϾ0͒ cannot lie more than 0.30 eV above E V , and any acceptor level ͑rϽ0͒ more than 0.29 eV below E C . The fact that we have used lower bounds on the doping levels to calculate E F in samples 1 and 2, as mentioned before, assures that these numbers are indeed upper bounds for the energy levels. These results indicate that rϭϪ1, 0, and ϩ1 states contribute 18%, 52%, and 30% to the overall intrinsic self-diffusion coefficient, respectively. In other words, negative, neutral, and positive charge states all make significant contributions to Si self-diffusion in both intrinsic and extrinsic silicon.
The isolated vacancy has been experimentally observed by EPR studies performed at cryogenic temperatures and the locations of the two donor levels have been determined. 18, 19 The energy levels we have calculated at 1000°C need to be extrapolated to low temperature in order to be able to make a comparison. It is usually assumed that the deep donor levels track E V , and the deep acceptor levels track E C as the temperature decreases. 20 With that assumption, the values for the vacancy donor levels measured by EPR and DLTS fall within the upper bounds that we have obtained in the preceding paragraph.
In conclusion, we have reported direct measurements of the Si self-diffusion coefficient under extrinsic conditions at 1000°C. Although small, the observed enhancement in D Si with both n-and p-type doping is direct proof of the existence of both negatively and positively charged native point defects in Si. We have used a simple model involving three charge states to explain the data. Under the assumptions of this model, we obtained values for the energy levels of the rϭϪ1 and ϩ1 charge states.
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